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Concrete is the predominant material used in construction, in particular, for 
commercial structures. It has many advantages including low cost, high availability, low 
maintenance, high compressive strength and high durability. However concrete is a brittle 
material with very low tensile strength. Hence, steel, in the form of rebar is typically used 
to reinforce concrete. The cost of steel rebar is relatively high, especially in many 
developing countries compared to their average income. Therefore, minimal rebar is used 
to reinforce concrete homes and other low-rise buildings in developing countries such as 
Haiti leading to unsafe structures, especially during earthquakes. 
The high cost of rebar as well as the increasing emphasis on sustainable construction 
materials has led researchers to investigate alternatives to steel reinforcement. Due to its 
high tensile strength and renewable nature, bamboo is a potential sustainable alternative 
for steel reinforcement. The results of recent full-scale bending tests of bamboo 
reinforced concrete (BRC) beams conducted at Clemson University show that bamboo is 
a viable alternative to steel rebar as reinforcement, in particular, when it is used in non-
critical infrastructure. However, the tests also reveal that flexural cracks, which may 
result in serviceability and durability issues, can form at service load level. This is 
attributed to the modulus of elastic (MOE) of the bamboo lower than that of the normal 
concrete. An exploratory study was conducted to investigate the impact of replacing 
normal concrete in BRC with rubberized concrete.  
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A MATLAB beam model based on a real bamboo reinforcement concrete beam was 
designed to determine the flexural capacity of the bamboo reinforcement concrete beam 
(BRRB) under one point load. Total 4 kinds of concrete material with different MOE and 
compressive capacity were used in model simulation in order to find the best type of 
concrete for bamboo strips. Monte Carlo (MC) simulation, a quantitative risk analysis 
technique was used in the model simulation considering of the variation of bamboo 
tensile strength and uncertainty of its structural behave. The simulation results shows that 
Bamboo reinforcement concrete is intended to fail as tension failure since the MOE of 
bamboo is lower than normal concrete.40% Bamboo reinforcement concrete beam made 
with normal concrete (f’c = 3000psi) has tension failure. Choosing high strength concrete 
is not an option to increase the BRC capacity. The higher concrete compression capacity 
has, the more likely the BRC will fail in tension. BRRC concrete can increase the beam 
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Concrete is one of the major construction materials used in construction, in particular, 
for commercial structures. It has many advantages including low cost, high availability, 
low maintenance, high compressive strength and high durability. However concrete is a 
brittle material with very low tensile strength. Hence, steel, in the form of rebar is 
typically used to reinforce concrete. The cost of steel rebar is relatively high, especially in 
many developing countries compared to the average income of the citizens. Therefore, 
minimal reinforcement or even no steel rebar is used to reinforce concrete homes and 
other low-rise buildings in developing countries such as Haiti leading to unsafe 
structures, especially during earthquakes. 
The high cost of rebar as well as the increasing emphasis on sustainable construction 
materials has led researchers to investigate alternatives to steel reinforcement. Due to its 
high tensile strength and renewable nature, bamboo is a potential sustainable alternative 
for steel reinforcement. 
Schneider et al. (2014) conducted full-scale tests of bamboo reinforced concrete 
(BRC) beams under gravity loading. During the BRC beam test, hairline flexural cracks 
were observed at relatively low level of loading. The first significant flexural crack 
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typically occurred at less than 20% of the design ultimate capacity. The main reason of 
the formation of early crack is the modulus of elasticity (MOE) of bamboo is lower than 
that of concrete, which is approximately 2000-6000 ksi (14,000-16,000 MPa) depending 
on its compressive strength. The low MOE makes bamboo ineffective in reducing the 
tensile stresses in concrete that cause cracking (Schneider et al. 2014; Glenn 1950; 
Janseen 2000; Rahman et al. 2011). The bamboo embedded in concrete can actively 
engage in carrying tensile stresses only after the formation of initial flexural cracks. In 
other words, while BRC can be designed to carry significant ultimate load, cracks may 
form at service load level causing serviceability issues such as noticeable large cracks and 
durability issues. Wide cracks can also allow access to bamboo for water, fungi and 
insects, leading to rotting and disintegration of the bamboo.  
One of the potential solutions to the aforementioned issue is to use rubberized 
concrete to replace the normal concrete in BRC design, since the MOE of rubberized 
concrete is much lower than normal concrete. Depends on the amount and type of rubber 
added, the MOE of rubberized concrete can even be lower than that of the Moso bamboo 
(1149 ksi), the type of bamboo used in the BRC beam tests of Schneider et al. (2014). 
The goal of this thesis is to explore the usage of rubberized concrete in bamboo 
reinforcement concrete. Monte Carlo simulation was used in flexural moment capacity 
simulations on bamboo reinforcement concrete beam since the tensile force of each 
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bamboo strip varies. The beam model was created and verified using the results of 
bamboo reinforced concrete beams tested by Schneider et al. (2014). Total five kinds of 
concrete with different ultimate compressive flexural capacities and maximum strains 
were used in simulation to explore the performance of bamboo reinforced beams with 
different types of concrete.  
1.2 Organization of Thesis   
This thesis begins by providing background knowledge of concrete material, 
reinforcement concrete and the need of cheap alternative to steel reinforcement in 
Chapter 2. Chapters 3 and 4 contain literature reviews of the previous research on 
bamboo as reinforcement in civil engineering field and the usage of rubberized concrete. 
Chapter 5 then explains in detail the methodology used in the bamboo reinforcement 
rubberized concrete (BRRC) beam flexural moment capacity simulation, the bamboo 
reinforcement concrete beam model and some basic concept of Monte Carlo simulation 
and statistical analysis. Chapter 6 presents all the simulation and analysis results from this 
study. Finally, Chapter 7 summarizes the main contributions of the thesis, and then 














2.1 Concrete as a construction material 
Concrete is one of the most commonly used construction materials in the world since 
its invention. It is estimated that the present consumption of concrete in the world is of 
the order of 10 billion tones (12 billion) every year (Paulo Monteiro, 2012). Concrete is 
an “artificial stone” obtained by mixing cement, sand, and aggregates with water. 
Fresh concrete is of a plastic consistency, which permits the material to flow into 
prefabricated formwork molded into almost any shape, giving it an inherent advantage 
over other materials.  
The use of concrete as structure material became very popular after the invention of 
Portland cement in the 19th century; however, concrete is strong in compression, as the 
aggregate efficiently carries the compression load, it is weak in tension as the cement 
holding the aggregate in place can crack, allowing the structure to fail. Its limited tension 
resistance initially prevented its wide use in building construction. To overcome the 
disadvantage of low tensile strength, a composite material called reinforced concrete 
(RC) was developed in 1849 by Joseph Monier, a Parisian garner (Chisholm, 1911). The 
reinforcement are usually, though not necessarily, steel reinforcing bars (rebar). Modern 
reinforced concrete can contain varied reinforcing materials made of steel, polymers or 
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alternate composite material in conjunction with rebar, such as steel reinforcing bars, 
steel fibers, glass fibers, or plastic fibers. The use of RC construction in the modern world 
stems from the wide availability of its ingredients-reinforcing steel and concrete. Except 
for the production of steel and cement, the production of reinforced concrete does not 
require expensive manufacturing mills. But, construction with concrete does require a 
certain level of technology, expertise and workmanship, particularly in the field during 
construction. Reinforcing schemes are generally designed to resist tensile stresses in 
particular regions of the concrete that might cause unacceptable cracking and/or 
structural failure.  
2.2 Haiti Earthquake 
The 2010 Haiti earthquake was a catastrophic earthquake, with an epicenter at 25 
kilometers (16 mi) west of Port-au-Prince, Haiti's capital. By 24 January, at least 
52 aftershocks measuring 4.5 or greater had been recorded (New York Daily Times, 24 
January 2010). An estimated three million people were affected by the quake (CBS 
News, 13 January 2010).The earthquake struck in the most populated area of the country. 
The International Federation of Red Cross and Red Crescent Societies estimated that as 
many as 3 million people were affected by the quake. In mid-February 2010, the Haitian 
government reported the death toll to have reached 230,000 (BBC News, 10 February 
2010). On the first anniversary of the earthquake, 12 January 2011, Haitian Prime 
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Minister Jean-Max Bellerive said the death toll from the quake was more than 316,000, 
raising the figures from previous estimates (CBC News, 12 January 2011). The 
government of Haiti estimated that 250,000 residences and 30,000commercial 
buildings had collapsed or were severely damaged. There has been a history of national 
debt, unfair trade policies by other countries, and foreign intervention into national affairs 
that contributed to the pre-existing poverty and poor housing conditions that exacerbated 
the death toll (Bell Beverly, 2013). An photo of Haitian national palace after the 
earthquake (Figure 1.1) was taken by Logan Abassi from U.N. which shows the 
destructive damage from this earthquake. 
 
1Figure 1.1: Haitian national palace earthquake 
 
About the same time, Chile was struck by an 8.8-magnitude earthquake just six weeks 
after the Haiti shock. According to the USGS the epicenter of the earthquake was about 
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3 km (1.9 miles) off the coast of Pelluhue commune in the Maule Region It was 500 
times more powerful than the Haiti quake, yet the death toll was less than 1% of the 
Haitian total. In this section, the answers to the question: why was the Haiti earthquake so 
destructive will be explored.  
 
2Figure 2.2: Earthquake Damage after earthquake 
One of the main reasons why the Haiti earthquake was so destructive is the poor 
construction materials. Building materials were commonly compromised in an effort by 
the builders to save money on the structures. An earthquake-resistant building costs 10-
20% more to build than an unsound structure. People reduced costs by using easily 
available building materials such as limestone dust and unrefined sand, which produce a 
cheaper but weaker concrete. Figure 2.2 (Abassi, 2010) shows the poor construction 
condition after the earthquake damage. As of today, the substandard concrete that 
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Haitian's make has a compressive strength of 1,300 psi, which is less than half the 
minimum strength of conventional concrete in the U.S. (DesRoches et al. 2011). Also, 
adequate amounts of reinforcing bars were not utilized in the structures. This resulted in 
walls crumbling and cracking during earthquakes because there were inconsequential 
amounts of rebar to withstand the earthquake induced tensile forces (Barnes, 2010). 
     Unlike in other countries located on or near fault lines, which tend to adopt an 
international building code from America or Europe and enforce that code throughout the 
region, very few of Haiti’ buildings were constructed according to international code or 
code of any kind. The majority of structures were either constructed by the homeowners 
themselves or by inexperienced contractors, and corners were often cut in an effort to 
save money (Booth, 2010).  
 
3Figure 2.3: shantytown housing in Port-au-Prince 
9 
 
The other reason caused widespread failures during this earthquake was the lack of 
proper reinforcing in the concrete, in many cases ,there was no reinforcing provided at 
all. Typical unreinforced building can be seen in Figure 2.3 (SteveLindridge). Concrete 
tends to perform very well under compressive forces like gravity, but very poorly under 
tensile loading. Proper rebar is required to handle the tensile forces on a structure like 
those induced by an earthquake. In many cases, smooth bars were used instead of 
deformed bars with ‘ribs’, providing an insufficient bond with the concrete. Additionally, 
there were many instances where structures lacked proper rebar ties, or ties lacked the 
proper hooks to provide confinement during a seismic event. Often times, hoops were not 
provided at the beam column joint. In addition column rebars were often spliced within 
the joint, and beam rebars were often terminated at the face of the joint. This left one of 
the most critical locations (i.e. beam-column joints) of the structure very vulnerable to 
failure. 
2.3 Rebar alternatives  
 For the millions of Haitians living on less than $2 a day, these added costs made safe 
construction an unaffordable luxury. The poverty in Haiti lends itself to people building 
where they want, how they can. There is currently no production of rebar in Haiti, so all 
rebar must be imported, which make an earthquake-resistant building costs 10-20% more 
to build than an unreinforced structure. 
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The high cost of rebar as well as the increasing emphasis on sustainable construction 
materials has led researchers to investigate alternatives to steel reinforcement. Due to its 
high tensile strength and renewable nature, bamboo is a potential sustainable alternative 
for steel reinforcement. Because bamboo delivers more useable  fiber,  faster,  than 
conventional softwoods such as Southern Pine, and is a better fit to Haiti's climate, 
bamboo appears to be one of the best targets as an alternative for steel rebars. Bamboo 
can also tolerate high values of deformations in the elastic range and when properly 
constructed are again extremely ductile (Siete 2002).The sustainability factor is also 
extremely beneficial considering the material can reverse deforestation as well as provide 























LITERATURE REVIEW ON BAMBOO 
 
3.1 Introduction to Bamboo 
Bamboo is one of the oldest building material in human history. In Asia, application 
of bamboo is quite common for small pedestrian bridges, scaffolding and housing, but it 
is usually a temporary exterior structural material (Latif, 1990). Bamboo is a grass and 
botanically belongs to family “Poaceae” (Kaware1, 1995). It can complete its growth 
cycle within months and can get mature within 3 years. It is estimated that 60–90 genera 
of bamboo exist, encompass approximately 1100–1500 species and there are about 600 
different botanical species of bamboo in the world (Sevalia, 1990).  
Bamboos occur mostly in tropical and subtropical areas, from sea level to snow-
capped mountain peaks, with a few species reaching into temperate areas. They are most 
abundant in south-eastern Asia, with some species in the Americas and Africa and none in 




4Figure 3.1 Global natural bamboo habitats  
Bamboo is versatile resource characterized by high strength to weight ratio and easy 
in working with simple tools. Bamboo is the fastest growing, renewable natural building 
materials. It has a long and well established tradition as a building material throughout 
the tropical and sub-tropical regions. It is used in many forms of construction, 
particularly, housings for housing in rural areas. Amada and Untao (2001) mentioned that 
bamboo is one of the most effective construction materials due to beneficial properties of 
bamboo such as good material properties, tough, and low-cost. A typical bamboo made 




5Figure3.2 Bamboo house  
3.2 Mechanical Properties 
The mechanical properties of bamboo vary by the species and the maturity of the 
bamboos. The tensile strength of a bamboo can reach up to 53ksi (Mark, 2011), which 
makes bamboo a viable alternative to steel in tensile applications. According to Amanda 
(1997), the ratio of tensile strength to specific weight of Bamboo is six times greater than 
that of steel. However, the average tensile strength of bamboo varies from species to 
species. A study by Cao and Wu (2008) showed that the fiber tensile strengths of bamboo 
range from 18 to 131 ksi. The study of mechanical properties of bamboo by Lo et al. 
(2004) showed that both physical and mechanical characteristics vary with diameter, 
length, age, type, position along culm and moisture content of bamboo. Even for the same 
set of tests, different bamboo species tend to perform differently (US Naval Civil 
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Engineering, 1966, 2000 and Iyer, 2002). Amada and Untao (2001) found the strength of 
bamboo also increases with age and maximum strength generally occurs at age 3-4years, 
after which strength begins to decrease.  
Ghavami (2005) reported that bamboo has a structural advantage over other 
engineering materials in terms of modulus of elasticity and density. According to Janssen 
(2000), the average modulus of elasticity of bamboo is around 2500 ksi which was also 
reported similarly in Brink and Rush’s test results (1966, 2000). A study by Khare (2005) 
showed the nodal region to have a brittle behavior, while the inter nodal region has a 
more ductile behavior. The stress-strain curve of bamboo samples can be found in Figure 
3.3 (Schneider, 2014). 
 

















The density of the fibers in the cross section of a bamboo shell varies along its 
thickness. The thickness decreases from the base to the top of the bamboo shell (Sabnani, 
2011). Sine Bamboo is vulnerable to environmental degradation and attack by insects and 
molds. The durability of bamboo varies with the type of species, age, treatment, and 
curing and conservation condition. There is a strong relation between insect attacks and 
the levels of starch plus humidity content of bamboo (Ahmad, 2014).Treatments of 
bamboos are necessary when they are cut in bamboo groves, which including curing on 
the spot, immersion, heating or smoking.  
Drying bamboo is crucial for its conservation. When the humidity of a bamboo is less 
than 15%, the low humidity makes it less prone to mold attacks. Physical and mechanical 
properties are greatly dependent on its humidity (high humidity will weaken the 
bamboo).Bamboo can be dried in air, green house, and oven or by fire. The durability of 
bamboo depends strongly on the preservative treatment methods in accordance with basic 
requirements: its chemical composition should not have any effect on the bamboo fiber 
and once injected with preservative the bamboo pieces must not be washed out by rain or 
humidity (Shakeel Ahmad, 2014). The preservative can be applied using simple systems 




3.4 Water Absorption 
Like timber, the engineering properties of bamboo are highly sensitive to moisture 
content, absorbing or releasing moisture, which become one of the main shortcoming of 
bamboo when it is used as a reinforcement replacement for concrete. Due to water 
absorption, the dimensional variation of the transversal sections of bamboo can reach up 
to 6% after 7 days of immersion in water (Ghavami, 2004). Such large dimension 
variation can lead to micro and macro cracks in cured concrete. In addition, reinforcing 
bamboo absorbs water and expands during the casting and curing of concrete, which can 
also lead to cracking of concrete due to the differential thermal expansion of bamboo. 
Since the swelling and shrinkage of bamboo can create a serious problem in the use of 
bamboo as a substitute for steel, an effective water-repellent treatment is essential to 
improve the bond between bamboo segments and concrete. According to Sabnani (2003), 
the impermeability treatment is affected by  
a) Adhesive properties of the substance applied to bamboo and concrete  
b) Its water repellent property  
c) The topography of the bamboo / concrete interface.  
One of the effective treatments is application of a thin layer of epoxy to the bamboo 
surface with a coating of fine sand. Others include asphalt paints, tar based paints and 




3.5 Bamboo Reinforced Concrete  
The behavior of structural concrete elements reinforced with bamboo has been 
studied in many research works. The first well-documented research was conducted by 
the Clemson Agricultural College in which the behaviors of rectangular beams, T-beams 
and slabs reinforced with bamboos were investigated. The study concluded that the 
bamboo reinforcement in concrete beams increased the load capacity with increasing 
percentages of bamboo reinforcement up to an optimum value of three to four percent 
(Glenn, 1950).  
Kankam et al (1986) reported three different modes of failure were observed in slabs 
reinforced with bamboo; concrete in compression, both shear and concrete in 
compression, and bamboo in tension. The experimental failure loads averaged 180 
percent of the theoretically predicted values. In a follow-up work (Kankam et al. 1988), 
ten simply supported bamboo-reinforced concrete beams were tested to failure under 
monotonic short term loading whilst six other beams were subjected to long term loading. 
Collapse mostly occurred through diagonal tension failure of the concrete in the shear 
span. A method based on the analysis of the results was proposed for the design of such 
beams. The study conducted by Ghavami (1995) showed that ultimate loads of the 
concrete beams can reach to 400 percent of the unreinforced concrete beam capacity.  
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Based on the study of the mechanical properties of six different types of bamboo and 
their behavior in concrete conducted by Ghavami (2005), bamboo can substitute steel 
satisfactorily and it is necessary to establish the characteristic strength of bamboo for 
design purposes.  
Khare (2005) also evaluated the performance of bamboo reinforced concrete. He 
performed tensile tests on three types of bamboo (Moso, Solid and Tonkin) to obtain their 
constitutive relation, followed by four-point bending tests on six concrete beams 
reinforced with bamboo to identify their behavior compared to steel reinforced concrete 
beams. Tests results indicated that bamboo reinforcement enhanced the load carrying 
capacity by about 250 percent as compared to the initial crack load in the concrete beam. 
 
3.6 Issues with Bamboo Reinforced Concrete  
Schneider et al (2014) conducted full-scale tests of bamboo reinforced concrete 
(BRC) beams under gravity loading. During the BRC beam test, hairline flexural cracks 
were observed at relatively low level of loading. The first significant flexural crack 
typically occurred at less than 20% of the design ultimate capacity. The main reason of 
the formation of early crack is the MOE of bamboo is lower than that of concrete, which 
is approximately 2000-6000 ksi (14,000-16,000 MPa) depending on its compressive 
strength. The low MOE makes bamboo ineffective in reducing the tensile stresses in 
concrete that cause cracking (Schneider et al. 2014; Glenn 1950; Janseen 2000; Rahman 
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et al. 2011). The bamboo embedded in concrete can actively engage in carrying tensile 
stresses only after the formation of initial flexural cracks. In other words, while BRC can 
be designed to carry significant ultimate load, cracks may form at service load level 
causing serviceability issues such as noticeable large cracks and durability issues. Wide 
cracks can also allow water, fungi and insects to access to bamboo, leading to rotting and 
disintegration of the bamboo.  
One of the potential solutions to the aforementioned issue is to use rubberized 
concrete to replace the normal concrete in BRC design, since the MOE of rubberized 
concrete is much lower than normal concrete. Depends on the amount and type of rubber 























 LITERATURE REVIEW ON RUBBERIZED CONCRETE 
 
4.1 Advantages of Rubberized Concrete 
Although concrete is the most widely used material in modern construction, concrete 
does has weaknesses that limit its use in certain applications. Concrete is a brittle material 
with very low tensile strength. Thus, concrete is generally not designed to be loaded in 
tension and reinforcing steel must be used to carry tensile loads: inadvertent tensile 
loading causes cracking. The low ductility of concrete also means that concrete lacks 
impact strength and toughness compared to metals.  In some application of concrete such 
as bamboo reinforced concrete (BRC), it is desired that concrete to have low modulus of 
elastic, low unit weight and high. One of the material that has been suggested as a 
possible replacement of mineral aggregates is rubber, which can be obtained from used 
car tires. The incorporation of rubber aggregates in concrete affects the various fresh 
concrete properties due to their organic nature as well as their shape, size and lightweight 
nature. It was reported that adding crumb rubber reduces the strength and abrasion 
resistance of concrete but the energy absorption and ductility are significantly improved 
(Ozbay, 2011). In addition, the other benefit of recycling waste rubber in concrete 
includes improved properties of concrete, such as improved freeze–thaw resistance, 
sound and heat insulation, and reduction in brittle failure (Richardson, 2011).  
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Recycling waste tire rubber has a great environmental benefit by reducing harmful 
environmental pollution of disposing tires to landfill sites since disposal of rubber tire 
waste has become a serious problem due to the generation of huge amounts of tires, 
which are non-biodegradable by nature. According to the United States Environmental 
Protection Agency (EPA), each year, over 270 million automobile and truck tires are 
removed from service and scrapped in the United States. Table 4.1 shows some of the 
facts and figures published in 2000, as reported by the Rubber Manufacturers Association 
(2000).Table 4.2 shows the cost of production of shredded tires compared with other 
construction raw materials. As can be seen, the cost of shredded tires is comparable to 
other civil engineering raw materials, and since rubber has an added advantage of 
improving mechanical properties; thus it is preferable over conventional materials. In 
addition, utilizing a recycle material that is an environmental nuisance contributes to 
















1Table 4.1: Some facts concerning tires in USA (Rubber Manufacturers Association, 
2000) 
Facts Figures 
Number of scrap-tires generated annually 270 million 
Approximate weight of scrap-tires 3.6 million tons 
Number of scrap-tires in stock piles 300 million 
Number of tires processing facilities 498 
Scrap-tires used in civil engineering applications 30 million 
Scrap-tires processed into ground rubber 18 million 
Scrap-tires used for fuel 125 million 
Number of states with scrap-tires legislation/regulations 48 
Number of states that ban whole tires from landfills 33 
Number of states that ban all scrap-tires from landfills 12 
Number of states with no landfill restrictions 5 
 
 
2Table 4.2: Shredded tires and their approximate cost range (Hammer 2004) 
 
4.2 Compressive Strength  
It has been reported in most studies that addition of rubber aggregates reduces the 
compressive strength of the resulting concrete. It is also generously accepted that the 
increase of rubber content further deteriorates the compressive strength of the new mix 
concrete. Depending on the type and size of rubber aggregates, the drop of compressive 
strength can reach 90% in some cases. In a study by Khatib and Bayomy(1999), they 
found when 100% gravel was replaced by chipped rubber, the compressive strength in 
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concrete was reduced to 90% lower than in conventional concrete. Aiello and 
Leuzzi(2010) observed nearly 50% drop in compressive strength by adding 25% rubber 
aggregates in normal concrete. 
Ganjian et al. (2009) listed some possible reasons for this strength reduction: 
(1) Reduction of the quantity of solid load-carrying material with increasing rubber 
content;  
(2) The soft and smooth surfaces of rubber particles may significantly degrade the 
adhesion between the boundaries of rubber particles and cement paste, and thus increase 
the volume of the weakest phase and interfacial transition zone (ITZ). 
(3) Non-uniform distribution of rubber particles at the concrete top surface tends to 
produce nonhomogeneous samples and leads to a reduction in concrete strength at those 
parts, resulting in failure at lower stresses. 
 Table 4.3 shows the compressive strength behavior of concrete due to the 
incorporation of rubber aggregates reported in some studies. According to Table 4.3, the 
size, proportions and surface textures of rubber particles can noticeably affect the 







3 Table 4.3: Compressive strength of concrete with rubber aggregates 
Reference 








Aiello and Leuzzi 
(2010) 12.5-20 mm/volume Normal 0 6642.7 
   
25 3466.4 
   
50 3026.9 
   
75 2526.5 
 
10-12.5 mm/volume Normal 0 3931.9 
   
15 3476.5 
   
30 2960.2 
   
50 2820.9 
   
75 2474.3 
Bignossi and 
Sandrolini (2006) Sand/volume SCC 0 4786.2 
   
22.2 3582.4 
   
33.3 2929.7 
Emiroglu et al. 
(2007) 0-4mm/volume Normal 0 6626.7 
   
5 6049.5 
   
10 4886.3 
   
15 3589.6 
   
20 3211.1 
 
4-8mm/volume Normal 0 6626.7 
   
5 6162.6 
   
10 5409.9 
   
15 3910.2 
   
20 3467.8 
Futtuhi and Clark 
(1996) Low grade rubber/mass Normal 0 5431.6 
   
~9.9 1836.1 
 
Rubber crumb  Normal ~11.2 1695.4 
 
A drastically reduction in 28-day compressive strength of concrete was observed by 
Benazzouk et al. (2003) when he used different size fractions of two types of rubber 
aggregates. His results also show the compressive strength of concrete specimens 
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prepared by using compacted rubber aggregates is profoundly higher than that using 
expanded rubber aggregates. Similarly, compressive strength decreased considerably as 
the content of rubber aggregates increased. 
Khatib and Bayomy (1999) showed that rubberized concrete made with coarse 
chipped rubber replacing coarse aggregates has less strength than concrete made with fine 
crumb rubber. Similar results was also reported by Ali and Goulias (1998) and Ali et al. 
(1993) that the reduction in compressive strength is higher due to the addition of coarse 
sized rubber aggregates than of fine rubber particles. According to Topcu (1995), the high 
compressibility of rubber particles generates localized stresses and bonding problems 
between them and the cement matrix. The interfacial bond in a coarse tire rubber chips 
cement paste is weaker than in a fine tire rubber chips cement paste, which ultimately 
affects the compressive strength. 
4.3 Tensile strength  
Similarly, the addition of rubber aggregates decreases the splitting tensile strength of 
the concrete. According to Ganjian(2009), the major reason causes the lower strength of 
concrete is the development of microcracks due to weak interfacial binding of rubber 
aggregates and cement paste as well as a surface segregation between rubber aggregates 
and cement paste due to the exerted stress. However, Senoucci (1993) found the 
reduction in splitting tensile strength of concrete with rubber aggregates is less prominent 
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than that observed in compressive strength. Mavroulidou and Figueiredo (2010) also 
reported  similar results in their study. 
 Ganjian et al. (2009) reported that the percentage reduction of tensile strength in 
concrete using chipped rubber as a partial replacement of normal aggregates was about 
twice that in concrete using ground rubber particles for the same replacement level. It 
was observed that 44% reduction in tensile strength with 7.5% replacement for concrete 
with chipped rubber while only 24% reduction for concrete with ground rubber for the 
same replacement level. Topcu (1995) conducted splitting tensile strength test using two 
different types of rubber chips, the result of which is showed in Table 4.4. 
 
4Table 4.4: Splitting Tensile strength of C 20 Type Concrete with addition of rubber chips 
(Topcu,1995) 
Replacement Ratio (%) Fine Rubber Chips(psi) Coarse Rubber Chips(psi) 
0 465.5 465.5 
15 314.7 217.5 
30 221.9 153.7 
45 163.8 118.9 
  
In addition, Topco (1995) also found that the failed specimens withstood measurable 
post-failure loads during tensile strength test and underwent significant displacement, 
which was partially recoverable. Instead of the brittle failure behavior usually exhibited 
by normal concrete specimens under compression, rubberized concrete generally show 
ductile failure due to the plastic behavior of the rubber aggregates. Therefore, concrete 
specimens with rubber aggregates showed high capacity of absorbing plastic energy 
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during the splitting tensile strength test. A similar conclusion was drawn by Eldin and 
Senoucci (1993).  
 
4.4 Modulus of Elasticity  
The incorporation of crumb or chip rubber as aggregates in concrete also considerably 
reduces both the static and dynamic moduli of elasticity.  The aggregates characteristics 
affect the modulus of elasticity, which concrete with aggregates with higher stiffness 
normally has high modulus of elasticity. This is the major cause that addition of rubber 
aggregates lowers the modulus of elasticity of the resulting concrete because of the low 
stiffness of rubber aggregates compared to normal aggregates. 
The type of rubber, such as chips or ground rubber, can also have some effect on the 
modulus of elasticity. Zheng et al. (2008a) reported higher values of both static and 
dynamic moduli for concrete with 15 % by volume of coarse aggregate replaced by 
ground rubber than for concrete with crushed rubber at similar replacement level. In 
Skripkiunas’s research, a reduction of about 11% in the modulus of elasticity of concrete 
was reported due to the addition of rubber aggregates that replaced fine aggregates by 
about 3% by weight. Mavroulidou and Figueiredo (2010) observed a higher static 
modulus of elasticity for concrete with coarse rubber aggregates than for concrete 
incorporating finer rubber aggregates. Both types of aggregates were used to replace 10 
% by weight of natural coarse aggregates. 
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Azmi et al. (2008) found reductions in the modulus of elasticity with increasing 
rubber aggregates content in concrete as well as with increasing water-to-cement (w/c) 
value. In his study, a reduction of about 30% in modulus of elasticity was reported when 
the replacement ratio of fine aggregates by crumb rubber increased from 0 to 30% by 
volume. According Azmi et al. (2008), the inclusion of crumb rubber implies defects in 
the internal structure of the composite material, producing a reduction of strength and 
stiffness. Benazzouk et al. (2003) reported that the decrease in dynamic modulus of 
elasticity was greater with expanded type rubber aggregates compared with compacted 
rubber aggregates for the same size and same amount of rubber content. Ganjian (2009) 
and Kang (2009) both reported lower modulus of elasticity for concrete with rubber 





















 METHODOLOGIES FOR ESTIMATING FLEXURAL CAPACITY OF BAMBOO 
REINFORCEMENT RUBBERIZED CONCRETE BEAM 
  
In a reinforced concrete beam, flexural reinforcement, also known as longitudinal 
reinforcement, is placed in the tension zones to carry the tensile stresses and to prevent 
structural failure of the beam. It is necessary to place flexural reinforcement to increase 
the flexural capacity in a concrete beam since the tensile strength of concrete in flexure, 
also known as the modulus of rupture is only around 10 percent of the compressive 
strength. The modulus of rupture of rubberized concrete according to previous research is 
similar to that of conventional concrete (Ganjian, 2009). To determine the flexural 
capacity of the bamboo reinforcement concrete beam (BRRB), a numerical model based 
on a real bamboo reinforcement concrete beam was designed. Total of four different 
kinds of concrete were used in Monte Carlo simulation to explore the usage of rubberized 
concrete in BRC. 
 
5.1 Bamboo Reinforcement Beam Model 
The beam simulation model was built based on a real bamboo reinforcement concrete 
beam built and tested by Schneider et al. (2014). Each beam had the same number of 
layers of longitudinal reinforcement, 6 rows. The average cross-sectional area of the 
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longitudinal bamboo was 0.31 in2 (200 mm2) which is the same cross sectional area as a 
#5 rebar.  
The dimensions of the flexure beams model are 10 inches (25-cm) wide by 20 inches 
(51-cm) deep by 90 inches (230-cm) long and were tested under a monotonic loading of 
either one or two-point loads at a/d ratios of 1.5 to 2.6, where a is defined as the distance 
from the support to the point load and d is the distance from the top of the beam to the 
centroid of the longitudinal reinforcement (see Figure 5.1), to maximize the moment in 
each beam. The design parameters for both the normal concrete and rubberized concrete 
beams reinforced with bamboo strands are shown in Table 5.1. All beam specimens 
contains six layers of bamboo strands. As can be seen from Table 5.1, the expected 
maximum loads (P) that can be carried by both the bamboo reinforced beams built with 










5Table 5.1: Flexure beam design parameters 

















N1 Normal 3000 0.003 6 38 14.5 5.6 
N2 Normal 4000 0.003 6 38 14.5 5.6 
N3 Normal 5000 0.003 6 38 14.5 5.6 
R1 Rubberized 2200 0.008 6 38 14.5 5.6 
 
8Figure 5.2: Bamboo Reinforcement Beam model 
 
5.2 Bamboo Reinforcement Beam Design  
5.2.1 Previous research  
Bamboo has a relatively high tensile strength, but the average strength varies from 
species to species. In a recent study conducted at Clemson University (Schneider et al. 
2014), locally available bamboo, Moso bamboo (Phyllostachys edulis) was tested and the 
same bamboo was also used as reinforcement for full-scale concrete beam tests. The 




9Figure 5.3: Moso bamboo tensile strength test result (Schneider et al. 2014) 
  
From these bamboo tensile tests by Schneider et al. (2014), it is found that bamboo 
can be characterized as an elastic-brittle material (see Figure 5.3). Instead of achieving 
the yield strength as steel would upon reaching its yielding strain, bamboo ruptures when 
it reaches its ultimate capacity (i.e. it loses all load carrying capacity at rupture). 
Furthermore, the rupture strain and strength are highly variable. Due to the differences 
between conventional steel rebars and bamboo reinforcements, several modifications 
were made for modeling purpose and for sensitivity study. 
 The first model assumes the bamboo will behave just like steel, yield and retain all of 
its maximum stress upon reaching its strain limit (rupture strain). This model is herein 
referred as ‘Yielding’ model. 
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 The second model proposed by Schneider et al (2014), assumes bamboo will only 
retain 2/3 of its maximum stress upon reaching its strain limit. This model is herein 
referred as ‘Rupture 2/3’ model. 
The third model, which was first presented by Shimoda et al. (2010) and then 
confirmed by Yamaguchi et al. (2013), accounts for the loss of bond between the bamboo 
and the concrete by reducing modulus of elasticity (MOE) of the flexural bamboo 
reinforcement. The reduced MOE is taken as 60% of the mean MOE and it is referred as 
‘Yielding 0.6E’ model. 
The stress-strain diagrams for these models are shown in Figure 5.4 and compared to 
the results from the component tensile tests (average stress of all bamboo specimens 
shown in Figure 5.1) conducted by Schneider et al (2014). The three models were used to 
predict the capacities of each beam. However, from Figure 5.4, it is obvious that none of 
these three models can describe the bamboo’s stress-strain behave accurately. In addition, 
in a bamboo reinforced beam, there are usually multiple bamboo strands in each 
reinforcement layer. Due to variability in the bamboo rupture strain, the strands will not 




10Figure 5.4: Stress-strain curves of three bamboo models comparison 
(Schneider et al. 2014) 
The expected capacities of bamboo reinforcement concrete beam determined for each 
model were compared with the actual capacities tested by Schneider et al (2014). Table 
5.2 shows the comparison results. The maximum percent error can reach up to 31% 
which appear in Yielding model while the minimum percent error is 2% in Yielding 0.6E 
model. Although the yielding 0.6E only had 2% percent error in modeling Beam F4, it 
still had 11% and 15% percent error in modeling Beam F1 and Beam F3 respectively. 

































F1 51.3 67.2 31% 45.8 -11% 56.8 11% 
F2 64.8 75.9 17% 67.2 4% 61.0 -6% 
F3 62.4 65.7 5% 65.7 5% 53.1 -15% 
F4 43.9 52.9 21% 52.9 21% 42.9 -2% 
 
5.2.2 Methodology  
In the numerical model proposed in this study, each beam was designed to contain six 
rows of longitudinal bamboo reinforcement and the confinement effect of stirrups is not 
modeled. Each longitudinal bamboo reinforcement was made from 3 bamboo strips and 
perfect bonding between bamboo and concrete was assumed. 
The flexural beam capacity was determined based on strain compatibility assumption 
and the static equilibrium between the compressive force in concrete (F’c) and tensile 
forces (Tb) in bamboo reinforcement acting on the concrete beam cross section. The 





11Figure 5.5: Static equilibrium on concrete section 
 
For the flexural moment at given compressive strain of concrete can be determined 
through the following method: 
(1)  Determine compression force in concrete block 
The compression force in concrete block can be calculated by dividing the 
compression block into n small sections (n was set as 1000 in this research). The strain in 
the ith small section, εci can be found through Equation 5.1. Then the compression force 
in the ith small section, fci can be found through the stress-strain curve of concrete, which 
is shown in Figure 5.5.Finally, the compression force in concrete block is the summary of 
compression force of n small sections (Equation 5.2).C is the depth to the neutral axis, 





















12Figure 5.6: Concrete Compression Force Calculation Section 
 
 (2) Determine tensile force in the bamboo reinforcement. 
Since the bamboo strips in the same layer have the same strain during the loading, the 
combined stress of 3 bamboo strips was used instead in the calculation for convenience 
consideration. The Figure 5.7 shows the stress and strain curve of combined 3 bamboo 





13Figure 5.7: strain and stress curve of 3 random bamboo samples 
 
 
Then the tensile force in bamboo reinforcement, Tb, was calculated by the Equation 
5.3, where Stressi is the stress in each bamboo reinforcement layer including 3 bamboo 
strips, and Abi is the area of bamboo in each layer (one bamboo strip). 
 





The force in each bamboo layer, Stressi was found trough stress-strain curve (Figure 
5.7) by determining the strain at the each bamboo layer based on Bernoulli-Euler 
principle, which state that the strains above and below the neutral axis are proportional to 
the distance from the neutral axis. The Bernoulli-Euler principle is shown visually in 
Figure 5.8. The strain in each bamboo layer is given as ɛbi and the depth to each layer is 
given as di. The depth to neutral axis is given as c. The equivalent triangles are based off 
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the strain on the upper face of concrete, which should between 0 and 0.003 for normal 
weight concrete. The strain in certain bamboo layer εci was calculated based off Equation 
5.4. di is the depth to the ith bamboo layer. εci is the strain at ith bamboo layer and εc is 










14Figure 5.8 Bernoulli-Euler Principle 
 
 (3) Determine c  
 
The depth to the neutral axis resulting in static equilibrium between the compressive 
and tensile forces acting on the cross-section was determined automatically by MATLAB 
code. In some cases, the location of neutral axis cannot be found since the compression 
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force is always larger than tensile force through entire beam axis result in tensile failure 
of the Bamboo reinforcement concrete beam.  
Once the depth of neutral axis was determined, the moment capacity of bamboo 
reinforcement beam can be calculated by Equation 5.5.  
2
1 1
(1 ) (d c)
rowsNn
n ci i bi i
i i
c i
M f b Stress A
n n 
      
Equation 5.5 
5.3 Monte Carlo Simulation  
Considering of the variation of bamboo tensile strength and uncertainty of its 
structural behave, it is almost impossible to design the flexural moment capacity of 
bamboo reinforcement concrete beam accurately. After the bamboo reinforcement 
concrete beam model was completed, Monte Carlo Simulation was introduced into this 
study to determine its flexural moment capacity.  
Monte Carlo (MC) simulation is a quantitative risk analysis technique in which 
uncertain inputs in a model (bamboo’s tensile behave in this study) are represented by 
probability distributions (instead of by one value such as the most likely value). By 
letting computer recalculate BRC model over and over again (it was set as 1000 times in 
this study) and each time using different randomly selected sets of values from the (input) 
probability distributions (20 tested bamboo samples), the computer is using all valid 
combinations of possible input to simulate all possible outcomes. The results of a MC 
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simulation are distributions of possible outcomes (rather than the one predicted outcome); 
that is, the range of possible outcomes that could occur and the likelihood of any outcome 
occurring. For each set of input parameters, there is a set of output parameters. The value 
of each output parameter is one particular outcome scenario in the simulation run. After 
the simulations statistical analysis will be performed on the values of the output 
parameters, to identify the certain distribution and characterize the output variation. The 
following section will introduce some method used in this study to perform distribution 
identification.  
 
5.3.1 Method of Maximum Likelihood (ML)  
ML estimation (MLE) is a popular statistical method used to make inferences about 
parameters of the underlying probability distribution from a given data set. When the data 
drawn from a particular distribution are independent and identically distributed, this 
method can be used to find out the parameters of the distribution from which the data are 
most likely to arise. For instant, let θ be the parameter vector for f, which can be either a 
probability mass function (for discrete distributions) or a probability density function (for 
continuous distributions). The pdf is denoted as fθ. Let he sample drawn from the 
distribution be x1 ,x2,…..xn. Then the likelihood of getting the sample from the distribution 
is given by the Equation 5.6 




This can be thought of as the joint probability density function of the data, given the 
parameters of the distribution. Given the independence of each of the data points, this can 








 | )  
Equation 5.7 
In order to maximize L(θ), the value of θ need to be found. The log of this function 
will be used instant, since this is a product of probability. Then the MLE method can be 
thought of as a nonlinear unconstrained optimization problem as given below in Equation 
5.8. Θ represents the domain of each of the parameter of the distribution.   
1
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Equation 5.8 
5.3.2 The method of moments 
The method of moments is a method of estimating population parameters such as 
mean, variance, median, and so on (which need not be moments), by equating sample 
moments with unobservable population moments (for which will have theoretical 






5.3.3 Goodness-Of-Fit Statistics 
Goodness-of-fit (GOF) statistics are statistical measures that describe the correctness 
of fitting a dataset to a distribution. Other than visual indications through graphs, like p-p 
plots or q-q plots (Law and Kelton 2000), these are mostly used by various software to 
automate the decision of choosing the best fitting distribution. In this section, two 
methods used in this study will be introduced. 
 
5.3.4 Chi-square Test  
The Chi-square test can be thought of as a formal comparison of a histogram of the 
data with the density or mass function of the fitted distribution. To compute the chi-
square test statistic in either the continuous or discrete case, we must first divide the 
range of the fitted distribution into k adjacent intervals, [a0, a1), [a1, a2),… [ak-1, ak ). It is 
possible that a0 = -∞ or ak = +∞, or both. Then we tally Nf = Number of xi in the j
th 
interval [aj-1, aj). Note that ∑
k
j=1Nj = n. Next, we compute the expected proportion pj of 
the xi’s that would fall in j




















Where, f^ is the P.D.F,  p^ is the C.D.F. 
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5.3.5 Kolmogorov-Smirnov Statistic (KS) 
Kolmogorov-Smirnov test (KS test) compares an EDF with the fitted distribution 
function. Define sup {F (x) (x)}x nD F
    and sup {F(x) (x)}x nD F
   . Then, the KS statistic D 
is defined as: 
sup | F (x) (x) | max(D ,D )x nD F

















The Monte Carlo simulations and Beam model code was made in MatLab 2015R. All 
simulations are based on the BRRC beam with the same dimension which showed in 
Chapter 5. There are 5 types concrete used in simulation: normal concrete with 3000 psi 
compression capacity (N1), normal concrete with 4000 psi compression capacity (N2), 
normal concrete with 5000 psi compression capacity (N3), and normal concrete with 15% 
volume of sand was replaced by crumb tired rubber (R1). Straight down line in 
simulation result figure represents the BRRC beam fails in under-reinforced way which 
was defied as ‘Tension failure’ in result summary table. All the bamboo reinforcement 
strips in BRRC were randomly selected from 30 bamboo samples tested by Schneider 
(2014). All results from simulation and analysis can be found in following sections. 




16Figure6.1 Stress-strain curve for normal concrete with 3000 psi compression 
capacity 
 




18Figure 6.3 Monte Carlo simulation result for N1 (1000 times) 
 








21Figure 6.6 Probability Paper plot for N1– Type 1 Largest (Gumbel) 
Distribution 
 






23Figure 6.8 Probability Paper plot for N1– Type 3 Smallest (Weibull) Distribution 
 
6.1.1 KS Test Results  
 





25Figure 6.10 KS test plot for N1- Lognormal Distribution 
 





27Figure 6.12 KS test plot for N1- Type 2 Largest (Frechet) Distribution 
 



















Type 2 Largest 
(Frechet) 
Distribution 
Type 3 Smallest 
(Weibull) 
Distribution 
R2 Value 0.9582 0.9473 0.8185 0.7982 0.9905 
KS Value of 
method of 
moments 
0.0908 0.1002 0.161 0.171 0.041 
KS Value of 
probability 
plotting 
0.0915 0.1005 0.165 0.174 0.042 
Best fitted 
distribution  
Type III Smallest (Weibull)  
 
8Table 6.2 Simulation Analysis Summary for N1 
Number of Stimulation 1000 
Max Moment(kip-ft) 85.11611384 
Min Moment(kip-ft) 65.18322354 
Mean (kip-ft) 78.503 
Standard Deviation 3.783 
CoV 0.048 
Tension Failure Cases 404 
Possibility of Tension Failure 0.404 
Best Fit Distribution  Type III Smallest (Weibull)  
 




Figure6.14 Stress-strain curve for normal concrete with 4000 psi compression 
capacity 
 




30Figure 6.16 Monte Carlo simulation result for N2 (1000 times) 
 




32Figure 6.18 Probability Paper plot for N2 – Lognormal Distribution 
 





34Figure 6.20 Probability Paper plot for N2– Type 2 Largest (Frechet) 
Distribution 
 





6.2.2 KS Test Results for N2 
 
36Figure 6.22 KS test plot for N2- Normal Distribution 
 




38Figure 6.24 KS test plot for N2- Type 1 Largest (Gumbel) Distribution 
 




40Figure 6.26 KS test plot for N2- Type 3 Smallest (Weibull) Distribution 
 
 
   












Type 2 Largest 
(Frechet) 
Distribution 
Type 3 Smallest 
(Weibull) 
Distribution 
R2 Value 0.9873 0.9903 0.947 0.9267 0.9384 
KS Value of 
method of 
moments 
0.0703 0.0541 0.0478 0.0599 0.1223 
KS Value of 
probability 
plotting 





10Table 6.4 Simulation Analysis Summary for N2 
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Number of Stimulation 1000 
Max Moment(kip-ft) 96.86643021 
Min Moment(kip-ft) 59.9745077 
Mean (kip-ft) 79.063 
Standard Deviation 6.545 
CoV 0.083 
Tension Failure Cases 998 
Possibility of Tension Failure 99.80% 
Best Fit Distribution  Lognormal Distribution 
 
6.3 Normal Concrete with 5000 psi Compression Capacity 
 




42Figure6.28 one simulation for N3 
 





44Figure 6.30 Probability Paper plot for N3 – Normal Distribution 
 





46Figure 6.32 Probability Paper plot for N3– Type 1 Largest (Gumbel) Distribution 
 




48Figure 6.34 Probability Paper plot for N3– Type 3 Smallest (Weibull) 
Distribution 
6.3.2 KS Test Results for N3 
 




50Figure 6.36 KS test plot for N3- Lognormal Distribution 
 









53Figure 6.39 KS test plot for N3- Type 3 Smallest (Weibull) Distribution 
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Type 1 Largest 
(Gumbel) 
Distribution 
Type 2 Largest 
(Frechet) 
Distribution 
Type 3 Smallest 
(Weibull) 
Distribution 
R2 Value 0.9848 0.9706 0.8821 0.8471 0.9865 
KS Value of 
method of 
moments 
0.0684 0.0848 0.1381 0.1542 0.0328 
KS Value of 
probability 
plotting 
0.0683 0.0854 0.1364 0.1551 0.0287 
Best fitted 
distribution  
Type 3 Smallest (Weibull) 
 
12Table 6.6 Simulation Analysis Summary for N3 
Number of Stimulation 1000 
Max Moment(kip-ft) 96.57939609 
Min Moment(kip-ft) 60.77435676 
Mean (kip-ft) 80.582 
Standard Deviation 6.682 
CoV 0.083 
Tension Failure Cases 1000 
Possibility of Tension Failure 100.00% 












6.4 Rubberized Concrete (R1) 
 
54Figure6.40 Stress-strain curve for rubberized concrete (R1) 
 
 




56Figure 6.42 Monte Carlo simulation result for R1 (1000 times) 
 




58Figure 6.44 Probability Paper plot for R1 – Lognormal Distribution 
 




60Figure 6.46 Probability Paper plot for R1– Type 2 Largest (Frechet) Distribution 
 




6.4.2 KS Test Results for R1 
 
62Figure 6.48 KS test plot for R1- Normal Distribution 
 




64Figure 6.50 KS test plot for R1- Type 1 Largest (Gumbel) Distribution 
 
 





66Figure 6.52 KS test plot for R1- Type 3 Smallest (Weibull) Distribution 
 
 








Type 1 Largest 
(Gumbel) 
Distribution 
Type 2 Largest 
(Frechet) 
Distribution 
Type 3 Smallest 
(Weibull) 
Distribution 
R2 Value 0.9937 0.9854 0.9071 0.8799 0.9806 
KS Value of 
method of 
moments 
0.0348 0.0452 0.0946 0.1089 0.0635 
KS Value of 
probability 
plotting 





14Table 6.8 Simulation Analysis Summary for R1 
Number of Stimulation 1000 
Max Moment(kip-ft) 88.51128741 
Min Moment(kip-ft) 58.25840291 
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Mean (kip-ft) 75.15 
Standard Deviation 5.274 
CoV 0.07 
Tension Failure Cases 1000 
Possibility of Tension Failure 100.00% 
Best Fit Distribution  Normal Distribution 
 
6.5 Displacement- Force Curve  
Displacement- Force curve was plotted in order to compare with the real test data 
conducted by Schneider (2014). Normal concrete with 3000 psi compression capacity 
was used in this simulation.  
 




















The results of recent full-scale bending tests of bamboo reinforced concrete (BRC) 
beams conducted at Clemson University show that bamboo is a viable alternative to steel 
rebars as reinforcement, in particular, when it is used in non-critical infrastructure. 
However, the tests also reveal that flexural cracks, which may result in serviceability and 
durability issues, can form at service load level. This is attributed to the MOE of the 
bamboo lower than that of the normal concrete. An exploratory study was conducted to 
investigate the impact of replacing normal concrete in BRC with rubberized concrete.  
Four different concrete were used in this real data based simulation. Based on the 
simulations results the following results can be made. 
Bamboo reinforcement concrete is intended to fail as tension failure since the MOE 
of bamboo is lower than normal concrete.40% Bamboo reinforcement concrete beam 
made with normal concrete (f ’c = 3000psi) has tension failure and all other BRRC beam 
have tension failure. 
Choosing high strength concrete is not an option to increase the BRC capacity. The 
higher concrete compression capacity has, the more likely the BRC will fail in tension. 
78 
 
The mean value of compression moment capacity of all four kinds of BRRC beam is very 
close.  
Bamboo strips will fail at different stage because they have very various tension 
capacities which can be observed as warning before the failure of BRRC member. 
BRRC concrete can obviously increase ductility of BRRC during the loading which 
can be very helpful to resist to seismic load caused by earthquake. However the BRRC 
member may have larger displacement than normal concrete beam which can be an issue 
in structure design.  
 
Recommendations 
The following studies are recommended by the author for further investigation of 
bamboo reinforced rubberized concrete. 
More kinds of rubberized concrete should be investigated to find the best mix formula 
for rubberized concrete for bamboo reinforcement. 
Selection method for bamboo strip should be investigated which can select bamboo 
strips based on their mechanic property before testing. 
More bamboo reinforcement rubberized concrete beam with different dimensions 
should be tested. 
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Using bamboo fiber instead of natural bamboo strips can be a better option to 
structural engineer for design purpose since bamboo fiber has unified stress-strain 
behavior instead of varying by the species and the maturity as natural bamboo strips.  
Concrete make with bamboo fiber should be investigated as a replacement for 
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